Abstract-In this work, the influence of the distribution element position and the reflective optical network unit (ONU) gain in wavelength-division-multiplexing passive optical networks are reported. After the theoretical and experimental analysis, it is determined that the best crosstalk-to-signal ratio is achieved if the multiplexer is placed either in the ONU or optical light termination vicinity, and the ONU gain has a new optimum value depending on the position. Also, it is demonstrated that Rayleigh backscattering is generally irrelevant in downstream transmission.
I. INTRODUCTION

R
ECENT developments in passive optical networks (PONs) propose to employ a reflective structure at the optical network unit (ONU), with centralized seeding light at the optical light termination (OLT) [1] . The carrier signal (CW) is modulated with the user data at the ONU and back reflected in the upstream direction on the same wavelength. In this full-duplex single-fiber bidirectional transmission context, Rayleigh backscattering (RB) is the dominant impairment [2] . The aim of this work is to analyze the penalties in the upstream and downstream paths due to RB signals, extending our preliminary study [3] , establishing the most adequate location of the multiplexer (MUX) in wavelength-division-multiplexing (WDM)-PONs, and the optimum ONU gain. Other effects, like the RB gain saturation [4] and the variation of the bandwidth of the receiver and the optical filter [5] , are not considered here. An extension to time-division-multiplexing (TDM)-PON is under investigation and first results can be found in [6] .
II. THEORETICAL BASIS
A. RB Analysis in Upstream Path
In WDM-PON, the MUX in the fiber path separates the wavelength channels, introducing a fixed attenuation. This splits the RB analysis into two zones: the feeder section (RB ) and the drop section (RB ), as shown in Fig. 1 . The crosstalk ( ), defined as the RB power at the OLT input, is the incoherent sum of the several RB contributions [2] : the RB generated by the downstream carrier signal at the OLT-MUX section (RB ), the Rayleigh produced at the MUX output (RB ), and the RB generated by the upstream signal, reflected and reamplified by the ONU and transmitted to the OLT (RB ), which dominates in the drop side, although it is reduced in one order of magnitude lower (twice the insertion losses of the MUX), with RB ), where and are the fiber losses in the feeder and the drop sections, respectively ( ), is the corresponding fiber length ( km), is the ONUgain, is the ONU output power ( ), as the OLT output power, is the MUX insertion loss, is the fiber attenuation, and is the Rayleigh coefficient (here km ) [2] . The resulting crosstalk-to-signal (C/S) ratio or OSRR (inverse optical signal-to-Rayleigh ratio), is then (1) The second term is generally negligible, as attenuated by . Fig. 2 (a) shows theoretical C/S as a function of the feeder length for ONU gain of 10, 15, and 20 dB. It is observed that there is a strong dependency on the gain, especially at the edges. Thus, it is found relevant to minimize the C/S ratio; an optimal gain as a function of the MUX position can be obtained by , resulting in
With the MUX in an intermediate position, the optimum gain is equal to the total link loss (here, 15 dB). If the MUX is in the ONU vicinity, the optimum ONU gain values increases to about 20 dB and higher. In contrast, if the MUX is near the OLT, a low ONU gain between 10 and 15 dB improves the C/S performance. For , , and dB, maximal C/S are found in , , and km, respectively. In Fig. 2(a) , the C/S with optimum gain is also plotted; C/S minima correspond to MUX close to the OLT or close to the ONU. It is preferred that the MUX close to the ONU as for this case, the optimal gain is higher than the link losses, providing a valuable power margin.
B. RB Analysis for Downstream
For this analysis, the OLT generates a wavelength carrier intensity modulated with a nonreturn-to-zero (NRZ) data signal.
From Fig. 3 , the RB at the ONU input is given by (4) From (4), it is observed that the RB depends more on the RB due to ONU output power, where a considerable reduction of the RB is received at the ONU, about one order of magnitude lower (twice the insertion losses of the MUX) than the RB at the drop section. So, when is maximum (MUX at the OLT), then RB RB . In this location, RB is maximal too and RB becomes the relevant expression, when the ONU gain is above the link loss. The optimum case is when the MUX is near ONU, , and RB is minimal. Simulations were performed using the VPI Transmission Maker, at a data rate of 1.25 Gb/s. The OLT consists of a CW laser, a Mach-Zehnder modulator, a circulator, and an avalanche photodiode (APD). OLT output power is fixed to 0 dBm. ODN is composed of 50 Km of Universal Fiber with 
dB/Km of attenuation and a WDM MUX with 5 dB of losses. The ONU is formed by an electroabsorption modulator (EAM)
semiconductor optical amplifier (SOA) like reflective-SOA (RSOA).
Simulations were performed on both, unmodulated carrier and down data transmission. Results in terms of the RB power level and bit-error rate (BER) are the same; although the spectral distributions are different, they overlap. The experimental test will consider the worst case: the distribution of a CW carrier, corresponding to a narrower RB spectra and then affecting more to the BER [7] . Fig. 4 shows obtained C/S for ONU gains of 10, 15, and 20 dB for up-down transmission. In upstream the C/S ratio agrees with theoretical Fig. 2(a) . In downstream, C/S ratios are better than the ones obtained in upstream, and depend on the ONU gain. This dependence does not affect the BER performance. The best position for the MUX is near ONU. These results demonstrate that the RB power in downstream is negligible, and only becomes relevant when the ONU gain is above the ODN losses with the MUX positioned furthest from the ONU, as also will be shown in Fig. 7 . Fig. 5 shows the experimental setup. At the OLT, a tunable laser was used to feed the ONU at 1550.14 nm, matching the MUX channel (5-dB insertion loss). The power applied to the feeder fiber was 0 dBm. The upstream reception was carried out by an APD (sensitivity of dBm for BER ). An optical filter (BW 34.5 GHz) was introduced before the photodetection. A variable attenuator was used to obtain the sensitivity curve (Fig. 6) . The link was formed by two fiber sections of 25 km.
III. EXPERIMENTAL MEASURES AND RESULTS
The ONU was formed by a Kamelian RSOA 18-TO-37-08, directly modulated with the upstream data at 1.25 Gb/s ( , ER dB). The RSOA gain values (10, 15, and 20 dB) were characterized as a function of the bias current (34, 45, and 80 mA). Several measurements were carried out for different MUX positions: at the OLT side ( km, km); at the ONU premises ( km, km); and at half-way of the link ( km, km). Back-to-back measurement was performed too (Fig. 6) . These measurements are compared to the simulation results, performed in the same power and conditions, based on GPON standard, with similar results.
With the MUX near the OLT, the ONU gain of 10 dB performs the best (2.2-dB penalty), while the worst case is for a gain of 20 dB, with a error floor. This result is due to the high influence of the RB at the ONU. At the ONU side, higher amplification improves the system. The penalty for dB is 1.5 dB. In this case, there is an error floor of the order of for the lowest gain (10 dB), since RB is the limiting and the upstream signal is weak. The reflected RB is not relevant due to the double attenuation by the MUX and the feeder fiber.
For the MUX located in the middle of the link, performances are, in general, worse, because the 25 km of fiber on each side are long enough for the RB generation in both sections. RB is the most relevant for low ONU gain while RB is for high gain. In this case, the ONU gain equal to the link loss is the best (penalty of 3.9 dB).
The BER in upstream and downstream for different values of ONU gain is also shown in Fig. 7 (simulation/experimental). We observe that at any position of the MUX, with an ONU gain recovering the ODN loss (15 dB), the BER performance is always better than , at the RX sensitivity specified. However, for low or high gain values (e.g., 10 and 20 dB, respectively), it is possible to be below the required BER only if selecting the MUX location properly. For an ONUgain dB, it is better to place the MUX within 10 km from the ONU, since longer drop fiber will highly increase C/S. Gain values smaller than 10 dB are not recommendable because of the receiver noise. For the input powers received at the RSOA ( dBm), no significant gain saturation of the RSOA is observed that could potentially reduce the crosstalk [7] , [4] .
The upstream BER curves follow the same tendency as the simulation; some differences are due to the limited RX sensitivity, to the difficulty measuring BER values better than during real tests, and also to the simulation model where only RB noise was taken into account.
IV. CONCLUSION
We demonstrated that the Rayleigh crosstalk signals substantially vary depending on the position of the distribution element, since they are determined by the length of the fiber and by the ONU gain applied. Although, in a real-world deployment, the position of the distribution element is usually determined by more practical considerations, like the cost, the physical distribution of the customers, etc., this study provides relevant information in terms of transmission optimization in WDM-PON. The results revealed that the best performance can be achieved if the distribution element is placed either in the ONU or OLT vicinity, at the expense, in such cases, that the ONU gain takes a new optimum depending on that exact position. Also, it was demonstrated that the downstream RB power is generally irrelevant for the data transmission.
